Recently, there has been progress in the treatment of chronic myeloid leukemia (CML). However, novel therapeutic strategies are required in order to address the emerging problem of imatinib resistance. Histone deacetylase inhibitors (HDACi) and proteasome inhibitors are promising alternatives, and may be amenable to integration with current therapeutic approaches. However, the mechanisms underlying the interaction between these two agents remain unclear. The present study assessed the cytotoxic effect of the HDACi, suberoylanilide hydroxamic acid (SAHA), in combination with the proteasome inhibitor, MG-132, in imatinib-sensitive K562 and imatinib-resistant K562G cells, and investigated the mechanism underlying this effect. Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method and protein expression levels were determined by western blotting. Reactive oxygen species (ROS) generation levels were observed under a fluorescence microscope The results indicated that SAHA and MG-132 act in a synergistic manner to induce cell death in K562 and K562G cells. This effect was associated with Bcr-Abl downregulation and the production of ROS. Notably, the ROS scavenger, N-acetyl-L-cysteine, almost fully reversed the cell death and Bcr-Abl downregulation that was induced by the combination of SAHA and MG-132. By contrast, the pan-caspase inhibitor, z-VAD-fmk, only partially reversed the cell death induced by these two drugs in CML cells. These results indicated that increased intracellular ROS levels are important in the induction of cell death and the downregulation of Bcr-Abl. In conclusion, the present results suggested that combined SAHA and MG-132 may be a promising treatment for CML.
Introduction
Chronic myeloid leukemia (CML) is a hematopoietic stem cell disorder, characterized by the expression and abnormal tyrosine kinase activity of the Bcr-Abl protein (1) . The current recommended first line therapy for patients with newly diagnosed CML, is imatinib. However, resistance to imatinib is a significant problem, despite the good clinical results achieved with this tyrosine kinase inhibitor in the treatment of CML (2) . Therefore, the identification of novel therapeutic agents, in addition to an understanding of their underlying mechanisms, is necessary in order to improve the outcome in patients with CML.
Histone deacetylase inhibitors (HDACi) represent a novel class of anticancer agents that are currently under investigation in preclinical models and in phase I-III clinical trials (3, 4) . Suberoylanilide hydroxamic acid (SAHA) is an orally bioavailable, well-tolerated pan-HDACi, which exhibits strong anticancer activity in hematological and solid malignancies (3) (4) (5) (6) (7) . Recently, SAHA has been shown to exhibit anti-CML activity, when administered either alone or in combination with other agents (8) (9) (10) .
Proteasome inhibitors represent a relatively recently identified class of antineoplastic agents, which function by interfering with the catalytic 20S core of the proteasome, thereby preventing the elimination of diverse cellular proteins that have been targeted for degradation. There are a number of classes of proteasome inhibitors, including peptide aldehydes, such as MG-132 (11, 12) . Recently, it has been reported that certain proteasome inhibitors, such as bortezomib (also termed velcade, MG-341 and PS-341), inhibit survival and induce apoptosis in imatinib-resistant Bcr-Abl cells (13) . Furthermore, enhanced lethality towards CML cells, of a regimen combining HDACi and proteasome inhibitors, has also been described (11) .
Evidence that HDACi promote the antileukemic activity of certain proteasome inhibitors, particularly in CML cells (11, 14) , led to the hypothesis that SAHA and MG-132 may function synergistically to kill CML cells. Previous studies have indicated that the combination of SAHA and MG-132 may induce cell death in imatinib-sensitive K562 cells (11) . However, the mechanism underlying this effect remains unknown and, to the best of our knowledge, there is no data on combined SAHA and MG-132 treatment in imatinib-resistant CML cells. The present study investigated the combined effects of SAHA and MG-132, in imatinib-sensitive K562 cells and imatinib-resistant K562G cells in vitro, and attempted to elucidate the mechanisms underlying these effects.
Materials and methods
Cell culture and reagents. The K562 imatinib-sensitive human CML cell line and the K562G imatinib-resistant human CML cell line were maintained in RPMI 1640 medium (HyClone Laboratories, Inc., Logan, UT, USA) with 10% fetal bovine serum (HyClone Laboratories, Inc.) at 37˚C in a 5% CO 2 humid atmosphere, as previously described (15) . SAHA was obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). MG-132 and the pan-caspase inhibitor, z-VAD-fmk, were obtained from Sigma-Aldrich (St. Louis, MO, USA). N-acetyl-L-cysteine (NAC) was obtained from Beyotime Company (Shanghai, China).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Cell viability was determined using an MTT assay. In brief, K562 or K562G cells were cultured in 96-well plates at a density of 2x10 4 cells/ml, then treated with or without SAHA (0.5-8.0 µM; 24-48 h), MG-132 (200-800 nM; 24-48 h) and z-VAD-fmk (20 µM; 1 h). Subsequently, 20 µl MTT (Sigma-Aldrich) solution (5 mg/ml) was added into each well and the cells were incubated for a further 4 h. The supernatant was removed, 200 µl dimethyl sulfoxide (Amresco, Solon, OH, USA) was added and the absor bance at 570 nm was detected using an enzyme-linked immunosorbent assay plate reader (Model 550; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Colony formation assay. For the leukemic cell colony formation assays, K562 cells were suspended in Iscove modified Dulbecco's medium (Stem Cell Technologies, Vancouver, BC, Canada), containing 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin and 100 µg/ml; Sigma-Aldrich), and were then treated with or without SAHA (2 µM) and/or MG-132 (200 nM). Subsequently, the cells were plated in 20% FBS and 0.8% methylcellulose. The cells were cultured 7 days and observed under a light microscope (Olympus, Tokyo, Japan).
Analysis of ROS generation. Intracellular ROS generation was determined using the Reactive Oxygen Species Assay kit (Beyotime, Shanghai, China), according to the manufacturer's instructions. Rosup (50 mg/ml; Beyotime Institute of Biotechnology, Shanghai, China) was used as a positive control. Cells were pretreated with or without NAC (2 mM) for 1 h, followed by co-treatment with SAHA and MG-132 for 24 h. Cells were then incubated with DCFH-DA (10 µM) for 30 min at 37˚C, washed twice with phosphate-buffered saline (PBS), harvested and then suspended in PBS. A drop of stained cell suspension was placed on a slide for the immediate observation of fluorescence, using a fluorescence microscope (IX71; Olympus Corporation, Tokyo, Japan).
Western blot analysis. Following administration of SAHA (1-4 µM) for 3-24 h and MG-132 (200-400 nM) for 6-24 h with or without pretreatment with NAC (2 mM) for 1 h, cells were washed twice with PBS and lysed in a radioimmunoprecipitation assay buffer (0.5 M Tris-HCl, pH 7.4; 1.5 M NaCl; 2.5% deoxycholic acid; 10% NP-40; and 10 mM EDTA). Equal quantities of total cell lysates were separated on sodium dodecyl-sulfate-polyacrylamide gels containing 6-12% acrylamide gradients, and then transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% non-fat milk and incubated with primary antibodies at 4˚C overnight in Tris-buffered saline with Tween-20 (10 mM Tris-HCl, pH 8, 150 mM NaCl, 0.1% Tween-20). The membranes were then incubated for 2 h with horseradish peroxidase-conjugated goat anti-rabbit (cat no. 7074) and horse anti-mouse (cat no. 7076) secondary antibodies purchased from Cell Signaling Technology, Inc. (Beverly, CA, USA) at a dilution of 1:2,000. The following primary antibodies were used at a dilution of 1:1,000: Rabbit anti-human polyclonal c-Abl (cat no. 2862), rabbit anti-human polyclonal phosphorylated-Bcr (p-Bcr; cat no. 3901), mouse anti-human monoclonal caspase-9 (cat no. 9508), rabbit anti-human polyclonal caspase-3 (cat no. 9662), rabbit anti-human monoclonal poly adenosine diphosphate (ADP)-ribose polymerase (PARP; cat no. 9532) and rabbit anti-human monoclonal acetylated histone H3 (cat no. 9649), which were obtained from Cell Signaling Technology, Inc. Anti-c-Abl p-Bcr are subsequently referred to as Bcr-Abl and p-Bcr-Abl, respectively. Rabbit anti-human polyclonal anti-β-actin (cat no. sc-7210) was obtained from Santa Cruz Biotechnology, Inc. and used at a dilution of 1:200. Signals were detected using an ECL kit (Amersham, Little Chalfont, UK).
Statistical analysis. Data are presented as the mean ± standard deviation. Data were compared using Student's t-test. All data were analyzed using SPSS software (version 11.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

SAHA induces cell death, downregulates expression of Bcr-Abl and upregulates acetylation of histone H3 in K562 and K562G
cells. In order to assess the effects of SAHA on cell viability in imatinib-sensitive K562 cells and imatinib-resistant K562G cells, cell proliferation was assessed using an MTT assay. Cells were treated for 48 h with increasing doses of SAHA, from 0.5-8 µM. SAHA inhibited the viability of K562 and K562G cells in a dose-dependent manner, with 50% inhibition (IC 50 ) values at 48 h, of 3.93 and 2.42 µM, respectively (Fig. 1A) , which indicates that K562 and K562G cells are both sensitive to SAHA. Subsequently the induction of the apoptotic pathway by SAHA was investigated. As shown in Fig. 1B , SAHA triggered dose-dependent cleavage of caspase-9 and caspase-3, followed by PARP cleavage. Marked induction of apoptosis was observed at the highest dose of SAHA (4 µM), as evidenced by increased cleavage of caspase-3 and PARP. In accordance with this result, 4 µM SAHA significantly inhibited the expression of Bcr-Abl ( Fig. 1C; upper panel) . Measurement of the protein expression and phosphorylation status of Bcr-Abl in K562 cells at different time points following treatment with 4 µM SAHA, demonstrated that inhibition of Bcr-Abl occurred after 3 h of treatment, while downregulation of p-Bcr-Abl was observed at 6 h ( Fig. 1C;  lower panel) . Furthermore, exposure to SAHA for 24 h increased the acetylation of histone H3 in K562 cells in a dose-dependent manner (Fig. 1B) . These results indicated that SAHA is cytotoxic to CML cells, and is associated with downregulation of the Bcr-Abl oncoprotein and upregulation of histone H3 acetylation.
MG-132 synergistically interacts with SAHA to induce cell death, inhibit Bcr-Abl and mediate acetylation of histone H3
in K562 and K562G cells. Subsequently, the combined effects of SAHA and MG-132 on K562 and K562G cells were examined, using different combinations of doses of each of these agents ( Fig. 2A) . Exposure of K562 cells to low dose SAHA (1 µM) in addition to MG-132 (400 or 800 nM) for 24 h, resulted in a significant reduction in cell viability compared with SAHA treatment alone. Similar results were obtained in K562G cells (Fig. 2A) . Further experiments were conducted in order to determine whether co-treatment with SAHA and MG-132 altered CML cell colony formation in vitro. The results demonstrated that treatment of K562 cells with SAHA (2 µM) or MG-132 (200 nM) alone, inhibited colony formation, compared with untreated control. However, a combination of SAHA (2 µM) and MG-132 (200 nM), resulted in a greater reduction in colony formation than that observed with either treatment alone (Fig. 2B) . The effects of co-treatment of cells with SAHA and MG-132 were then examined in association with the expression of Bcr-Abl, histone acetylation protein and the apoptotic proteins, caspase-3 and PARP. Western blot analysis was performed 24 h after treatment with SAHA and MG-132 alone or in combination. The results demonstrated that treatment with SAHA (1 or 2 µM) or MG-132 (400 nM) alone exerted a minimal effect or no effect on Bcr-Abl expression. However, K562 cells exposed to combined treatment, exhibited a marked reduction in Bcr-Abl protein expression (Fig. 2C) . Furthermore, combined treatment with SAHA (1 or 2 µM) and MG-132 (400 nM) resulted in a marked increase in the expression of the acetylated histone H3 protein, compared with either treatment alone. In accordance with these results, combined treatment resulted in increased cleavage of caspase-3 and PARP, compared with either treatment alone (Fig. 2C) . The results in K562G cells also demonstrated that following exposure to SAHA (1 or 2 µM) and/or MG-132 (200 nM) for 24 h, combined treatment resulted in a pronounced downregulation of Bcr-Abl expression, upregulation of acetylated histone H3 expression, and increase in cleavage of caspase-3 and PARP, compared with either treatment alone (Fig. 2D) . Furthermore, the pan-caspase inhibitor, z-VAD-fmk, partially reversed the cell death induced by combined treatment with SAHA and MG-132, in K562 and K562G cells (Fig. 2E) . This suggested an involvement of caspase-independent cell death induced in combined treatment with SAHA and MG-132.
ROS scavenger NAC reverses the effect of combined SAHA and MG-132 treatment on cell death, generation of ROS and Bcr-Abl downregulation, in K562 and K562G cells.
It has been reported that SAHA and proteasome inhibitors, such as MG-132 and NPI-0052, induce ROS-dependent cell death in cancer cells (14, 16) . In order to elucidate whether the generation of ROS by co-treatment with SAHA and MG-132 contributes to cell death in CML cells, K562 cells were treated with SAHA (1 µM) plus MG-132 (200 nM), with or without pretreatment with the ROS scavenger, NAC (2 mM). Measurements of intracellular ROS were determined by fluorescence 
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microscopy, following staining with a fluorescence probe. Compared with the negative control, combined treatment with SAHA and MG-132 resulted in a marked increase in the level of ROS, and this effect was attenuated in the presence of NAC (Fig. 3A) . In accordance with these results, the MTT assay demonstrated that NAC (2 mM) almost fully reversed the reduction in cell viability that was induced by combined treatment with SAHA (1 µM) and MG-132 (200 nM) in K562 and K562G cells (Fig. 3B) . Furthermore, the reduction in Bcr-Abl expression and in the activation of PARP induced by SAHA and MG-132, were also reversed by treatment with NAC (2 mM; Fig. 3C ).
Discussion
While the introduction of the Bcr-Abl kinase inhibitor, imatinib, into the clinical armamentarium, represents an important advance in the treatment of CML, the development of drug resistance constitutes a significant barrier to curing this disease (2, 17) . The present study demonstrated that treatment with the HDACi, SAHA (0.5-8 µM), induced cell death in imatinib-sensitive K562 cells, as well as imatinib-resistant K562G cells, in a dose-dependent manner. The proteasome inhibitor, MG-132, significantly and synergistically enhanced low-dose SAHA-induced cell death and inhibited colony formation, suggesting a synergistic effect of combined SAHA and MG-132 treatment in CML cells in vitro.
The level of acetylated histones is a useful intermediary marker of HDACi activity (18) . SAHA induces the accumulation of acetylated histones in the chromatin, and it has been reported that exposure to SAHA increased the acetylation of histone H3 in K562 cells (8) . In accordance with this, the present study showed that SAHA (1-4 µM) increased the acetylation of histone H3 in a dose-dependent manner in K562 cells. Furthermore, combined SAHA and MG-132 treatment resulted in a significant increase in acetylated histone H3 expression, compared with SAHA alone, suggesting that MG-132 enhances the activity of SAHA in CML cells by enhancing histone acetylation.
Bcr-Abl is frequently the causative agent in CML and is known to be associated with drug resistance (1) . It has been reported that SAHA enhances sensitivity to imatinib in CML cells by decreasing the level of the Bcr-Abl protein and that this effect is associated with apoptosis (8) . The combination of SAHA with the proteasome inhibitor, bortezomib, also exhibits an association with Bcr-Abl downregulation and apoptosis (11) . The current study showed that SAHA (2-4 µM) significantly inhibited the expression of Bcr-Abl in CML cells. This is in accordance with a previous study, which reported that exposure to 2.0 µM SAHA for 48 h downregulated the expression of Bcr-Abl in K562 cells, in association with the attenuation of auto-tyrosine phosphorylation of Bcr-Abl (8) . The present study also demonstrated that co-treatment of SAHA and MG-132 induced significant downregulation of Bcr-Abl, compared with either drug alone, in K562 and K562G cells, suggesting that the synergistic effect of SAHA and MG-132 on cell death in CML cells is associated with Bcr-Abl downregulation. The mechanisms underlying the development of clinical resistance to the imatinib, appear to involve either increased expression of the Bcr-Abl protein through gene amplification (19) or the development of mutations in the Bcr-Abl catalytic domain, which interfere with imatinib binding to Bcr-Abl (20) . The present finding that combined treatment with SAHA and MG-132 effectively induces cell death in the imatinib-resistant K562G cell line, in association with downregulation of Bcr-Abl expression, raises the possibility that this combination may be of value in patients exhibiting the former type of drug resistance. Furthermore, SAHA (1-4 µM) was shown to activate caspase-9, caspase-3 and PARP cleavage in K562 cells, in a dose dependent manner. Activation of caspase-9 and caspase-3 is hypothesized to irreversibly commit a cell to apoptosis. PARP is the substrate of caspase-3, and activation of caspase-3 thus commits a cell to apoptosis (21) . The present results suggest that SAHA-induced cell death in CML cells is result of an increase in apoptosis. Furthermore, MG-132 enhances SAHA-induced caspase activation in K562 and K562G cells, suggesting that the CML cell death induced by SAHA in combination with MG-132, is associated with caspase-dependent apoptosis. However, the pan-caspase inhibitor, z-VAD-fmk, only resulted in the partial reversal of cell death of K562 and K562G cells, indicating that caspase-independent mechanisms also lead to cell death in combined SAHA and MG-132 treatment.
ROS are involved in cell death. They provoke apoptosis and necrotic cell death (22) , and also regulate autophagy (23) . The current study demonstrated that the cell death induced by the combination of SAHA and MG-132, involved the generation of ROS, and the ROS scavenger, NAC, significantly blocked cell death, in addition to ROS formation. Activation of the cleaved form of PARP was also significantly reduced by treatment with NAC, suggesting that ROS is involved in the induction of cell death by SAHA and MG-132, and that apoptosis is at least partially a result of ROS-induced cell death under these conditions. However, further investigation is required in order to clarify whether other forms of cell death, such as autophagy and necrosis, lead to cell the death of CML cells as a result of combined treatment with SAHA and MG-132.
To date, the association between Bcr-Abl and ROS remains unclear. A number of reports have suggested that the increases in ROS generation may stem from Bcr-Abl kinase inhibition and that ROS levels are increased downstream of Bcr-Abl (24, 25) . However, in the present study, NAC reversed the cell death and Bcr-Abl downregulation induced by combined treatment of SAHA and MG-132, which indicates that the increase in ROS is upstream of Bcr-Abl downregulation and mediates the synergistic effect of SAHA and MG-132 in CML cells.
In conclusion, the present study demonstrates potent anti-CML activity of combined treatment with SAHA and MG-132 in vitro and elucidates the underlying mechanisms of this effect, which are associated with Bcr-Abl downregulation and increased ROS production. The current study also established ROS as an upstream regulator of Bcr-Abl. These findings provide a rationale for further investigation into the use of combined SAHA and MG-132 treatment in CML. 
